Quartz-hosted melt inclusions from climactic and post-climactic deposits erupted from the 3Á49 6 0Á01 Ma Guacha II Caldera (G2C) in SW Bolivia provide insights into the volatile and melt evolution leading into and following a major caldera-forming eruption of monotonous silicic ignimbrite. The G2C, with its petrological and volcanological framework already in place, provides a unique opportunity to investigate the role of volatiles in controlling the plinian to ignimbrite transition as well as the evolution from explosive to post-climactic effusive behavior at a large silicic caldera-forming system. Melt inclusions from the fallout (<10 km 3 , dense rock equivalent, DRE) and ignimbrite (>800 km 3 DRE) pumice have overlapping major and trace element compositions and pre-eruptive H 2 O and CO 2 contents (2Á1 to 6Á0 wt %, 36 to 630 ppm, respectively), indicating that they crystallized from the same pre-climactic monotonous silicic magma reservoir. Based on trace element and Cl systematics, the variations in H 2 O content likely reflect post-entrapment diffusive H loss from melt inclusions. We estimate that quartz crystallization took place at pressures of $200 MPa, in agreement with pressures derived from amphibole in the ignimbrite pumice ($200 MPa). These results indicate that the preclimactic magma was vapor saturated at shallow crustal conditions (between 5 and 8 km). Melt inclusions from the post-climactic Chajnantor Dome lava are the most evolved with respect to trace elements and REE. They have low H 2 O and Cl contents, and contain no detectable CO 2 , indicative of relatively shallow entrapment pressures (<100 MPa). Melt inclusions from the post-climactic dome lava represent a pod of eruptible melt that was extracted from degassed, remnant climactic magma that shallowed (<4 km) and evolved following caldera collapse causing resurgent uplift. Melt inclusion trace element systematics can be explained by extensive degrees of crystal fractionation (!70%) of plagioclase, quartz, sanidine, biotite, Fe-Ti oxides, apatite, and zircon in the pre-climactic melt that produced variable melt inclusion compositions in the fallout and ignimbrite pumice (between 100 and 500 ppm Rb). In addition, quartz-hosted melt inclusions from the fallout pumice are more evolved than their host pumice glass, supporting a model whereby some andesitic recharge magma fractionated within the pre-climactic reservoir and produced a relatively small volume of residual rhyolitic melt. Quartz from the monotonous silicic pre-climactic reservoir was inmixed into this less evolved V C The Author(s) 2018. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com
INTRODUCTION
Volatiles exert a strong control on the physical properties and chemical evolution of magmas and the eruption dynamics of volcanoes. Given the size and extreme hazards posed by catastrophic caldera forming (CCF) eruptions (Miller & Wark, 2008; Self & Blake, 2008; Mastin et al., 2014) , and their kinship to granites and associated mineralization (Bachmann et al., 2007; John, 2008) significant effort has gone into studying the preeruptive volatile evolution of CCF magmatic systems using melt inclusions. The most complete works of this type include those on the Bishop Tuff in California (Hildreth, 1979; Anderson et al., 1989; Dunbar & Hervig, 1992a; Wallace et al., 1999) , the Bandelier Tuff in New Mexico (Dunbar & Hervig, 1992b; Stix & Layne, 1996) , the Toba Tuffs in Indonesia (Chesner & Luhr, 2010) , various eruptions from the Taupo Volcanic Zone in New Zealand (Dunbar et al., 1989; Dunbar & Kyle, 1993; Liu et al., 2006; Shane et al., 2008; Smith et al., 2010; Johnson et al., 2011) , and Yellowstone (Gansecki & Lowenstern, 1995; Lowenstern & Hurwitz, 2008; Myers et al., 2016) . These seminal works have heavily influenced our understanding of the volatile evolution of CCF systems. Of note is that most of these works are from crystal-poor rhyolitic systems, many of which show pre-eruptive compositional and volatile gradients.
Given that CCF eruptions of crystal-rich 'monotonous' ignimbrite systems are among the largest and most catastrophic eruptions (e.g. Hildreth, 1981; Mason et al., 2004; Best et al., 2016) , an understanding of the volatile inventory and evolution in such systems is warranted. Only one prior study of a monotonous silicic system attempts a volatile inventory. The Chesner & Luhr (2010) study of the Toba Caldera complex assessed melt evolution through a full climactic to postclimactic caldera cycle. Results from this study indicate that silicic melt inclusions hosted in the 0Á074 Ma Youngest Toba Tuff (YTT; 2800 km 3 DRE of crystal-rich rhyodacite) and the Post YTT Lava Domes (PYLD) have variable, yet overlapping H 2 O contents (4-5Á5 wt % H 2 O; Chesner & Luhr, 2010) . These results prompt the following questions: are pre-eruptive volatiles related to the mode of emplacement (fallout versus ignimbrite versus dome lavas) at large CCF monotonous silicic magma systems and are these systems stored at pre-eruptive levels where they were vapor saturated (e.g. Gardner et al., 2002) ?
Here we further explore the role of volatiles in CCF monotonous silicic magma systems through the lens of volatile contents in quartz-hosted melt inclusions from the 3Á49 6 0Á01 Ma Tara supereruption that formed the Guacha II Caldera (G2C) in SW Bolivia (Fig. 1) . The G2C system is representative of many CCF monotonous silicic systems in the Central Andes (e.g. de Silva, 1989; De Silva et al., 2006) , where to date studies of magmatic volatiles have been largely reconnaissance in scope (Schmitt, 2001; Wright et al., 2011) . The G2C is a compelling and timely case study because a comprehensive petrogenetic model for the climactic to post-climactic magma evolution of the G2C system based on wholerock major and trace elements, whole-rock radiogenic isotopes, single crystal isotopes, and matrix glass compositions is now in place (Grocke et al., 2017) . Built on a well-established stratigraphic, geochronologic, and volcanological framework (e.g. Lindsay et al., 2001a; Salisbury et al., 2011; Iriarte, 2012; Ort et al., 2013) , this petrological and geochemical study provides the context for the melt inclusion dataset presented here.
Another factor in choosing the G2C is that the eruption sequence records several eruptive transitions that define climactic and post-climactic stages in the evolution of CCF monotonous silicic magma systems. The climactic eruption began with a plinian phase that produced a relatively small volume (<10 km 3 ), but locally preserved, fallout pumice deposit before transitioning into the climactic caldera-forming eruption and Tara ignimbrite deposition (>800 km 3 DRE). Basal fallout deposits are commonly thought to indicate an initially overpressured eruption from a central vent that transitions to a ring fracture eruption that heralds caldera formation and ignimbrite formation (e.g. Druitt & Sparks, 1984) . Basal fallout deposits are rare in the Central Andes and at other CCF supereruptions worldwide (Sparks et al., 1985; Lindsay et al., 2001a; Maughan et al., 2002; De Silva et al., 2006; Best et al., 2016) , which suggests that the initial overpressured stage of Druitt & Sparks (1984) can be absent or shortlived. It is now increasingly recognized that ignimbrite and fallout can be produced simultaneously (e.g. Wilson & Hildreth, 1997) . Nonetheless, the transition from fallout to ignimbrite is observed in many CCFs systems and has been a motivation to investigate the role of volatiles in this transition (Dunbar & Hervig, 1992a , 1992b Dunbar & Kyle, 1993; Wallace et al., 1999) . Thus, the G2C affords a rare opportunity to investigate volatile evolution in a CCF monotonous silicic magma system, to track melt evolution and magma dynamics during a single CCF magmatic cycle (climactic to post-climactic) and to assess the role of volatiles in the eruptive transitions that are recorded during the caldera cycle.
GEOLOGICAL AND PETROLOGIC CONTEXT
The G2C formed during the 3Á49 6 0Á01 Ma eruption of the >800 km 3 (magma equivalent) Tara ignimbrite, the second cycle of the 5Á65 to 1Á80 Ma Cerro Guacha Caldera Complex (Francis & Baker, 1978; Iriarte, 2012) . This complex is one of several major ignimbrite sources that constitute the Altiplano Puna Volcanic Complex (APVC; Fig. 1 ; de Silva, 1989) . The APVC is an extensive ignimbrite sequence built on the Altiplano-Puna plateau, a 350-400 km wide uplifted block that extends $1800 km north-south with an average elevation of $4000 m and individual volcano summits over 6000 m (Allmendinger et al., 1997) . Continental crust with a thickness of up to 80 km underlies the Cerro Guacha Caldera Complex. During an $11 Ma to present ignimbrite flare-up, >15, 000 km 3 of magma erupted mostly as ignimbrite to form the APVC (de Silva & Gosnold, 2007; Salisbury et al., 2011) .
Early work on the G2C system identified the caldera, established the stratigraphy, distribution of units and their ages, and provided the reconnaissance geochemistry and petrology (Francis & Baker, 1978; Lindsay et al., 2001a Lindsay et al., , 2001b Kay et al., 2010; Salisbury et al., 2011; Iriarte, 2012; Ort et al., 2013; Kern et al., 2016) . A detailed petrological and petrogenetic study built on this framework (Grocke et al., 2017) is summarized below.
Stratigraphy and petrology of the Guacha II Caldera volcanics
The eruption sequence (Fig. 2) consists of basal andesite lava, a fallout pumice deposit that marks the initiation of the explosive stage of the eruption, a dominant ignimbrite, which represents the climactic calderaforming phase of the eruption, and post-climactic eruptions of lava that accompanied resurgent uplift of the Fig. 1 . Map of the Cerro Guacha Caldera Complex, a nested complex that contains the Guacha I Caldera (outlined by a continuous thin black line), and the Guacha II Caldera (G2C; shaded yellow and outlined by a thin black line with dots indicating uncertainty in extent). The areal extent of the Tara ignimbrite is indicated by a thick solid green line and the known areal extent of the fallout deposit is indicated by a thick dashed blue line. Melt inclusions were sampled from three deposits, including the plinian fallout pumice (open star), the ignimbrite pumice at Loma Amarilla (LA1; closed star), and the Chajnantor Dome lava (indicated with arrow). The location of the two other post-climactic lava domes (Rio Guacha and Chajnantor Lavas) are also shown with arrows. The location of the Purico-Chascon volcanic complex, Uturuncu Volcano, and the La Pacana caldera are shown for reference. The inset shows the location of the APVC within South America, with a star indicating the location of the G2C, and the location of Cerro Galan shown for reference. caldera floor. The basal andesite is a crystal-rich ($40 vol.%; Supplementary Data Table C.1; supplementary data are available for downloading at http://www. petrology.oxfordjournals.org), porphyritic lava (61-62 wt % SiO 2 , calculated anhydrous; Figs 3 and 4) that contains plagioclase, orthopyroxene and ilmenite (Supplementary Data Table C.1) in a groundmass of microcrystalline feldspar, pyroxene, Fe-Ti oxides and altered glass. . Melt inclusion K 2 O (wt %) versus SiO 2 (wt %) compositions in the context of the associated whole-rock and matrix glass data from the G2C. All Tara whole-rock pumice and lavas and matrix glass compositions from Grocke et al. (2017) . Closed symbols are melt inclusion compositions new to this study. Symbols refer to eruptive phase (open diamonds: andesite lava; closed diamonds, banded ignimbrite pumice; circle: fallout pumice; triangle: ignimbrite pumice; square: post-climactic dome lavas). Each dome lava sample repesents a different post-climactic dome (Chajnantor Lavas, Rio Guacha, and Chajnantor Dome; see Fig. 1 ). Whole-rock samples host to melt inclusions and matrix glasses are distingiushed as open symbols with center dot (circle: whole rock sample 09008; triangle: whole rock sample LA1; square: whole-rock sample B06024). Cross in upper left is 1r. Composite stratigraphic section of the Tara deposits that erupted from the G2C. The fallout pumice, ignimbrite pumice, and post-climactic Chajnantor Dome lava are units that contain melt inclusions. The basal Tara andesite, while not host to naturally glassy melt inclusions, is also included as it represents the recharging andesitic magma and the first composition to have erupted from the G2C. Figure modified from Lindsay et al. (2001a) and unit symbols modified from Brown et al. (2007) .
A basal fallout pumice deposit < 2 m thick is found at multiple, distal locations underlying the ignimbrite, dominantly to the southeast of the G2C, but also draping the La Pacana resurgent dome where the Tara ignimbrite onlaps (Fig. 1) . The absence of any evidence of a significant time break, such as sediment or paleosol between units, suggests a continuous depositional sequence with the overlying ignimbrite (Fig. 2) . Fallout pumice is pinkish-white, 3-5 cm, and aphyric to crystalpoor ( 10 vol.% crystals, Supplementary Data The Tara ignimbrite consists of >200 km 3 DRE of outflow and a dominant large-volume (>600 km 3 DRE) intra-caldera ignimbrite. The outflow is found predominantly to the north and southeast of the caldera (Fig. 1 ) and has been correlated over at least 2300 km 2 within Bolivia and 1800 km 2 in Chile and parts of Argentina (Lindsay et al., 2001a; Salisbury et al., 2011; Ort et al., 2013) . In its most complete sections ($100 m thick), the outflow consists of a single cooling unit composed of up to four flow units (Fig. 2) . Despite its thickness, the outflow is non-welded although vapor phase induration through sintering is well developed in the upper parts of the deposit. The upper units of the Tara ignimbrite are separated by thin co-ignimbrite ash and, or, crystalrich surge deposits attesting to episodic deposition, at least locally (Fig. 2) . The juvenile components of the ignimbrite flow units are crystal-rich pumices (!30 vol.%; Supplementary Data Table C .1) lava domes, from west to east, Chajnantor Dome, Rio Guacha Dome, and Chajnantor Lavas, were erupted onto the northern side of the resurgent dome during postclimactic resurgence (Iriarte, 2012; Fig. 1) .The Chajnantor Lavas and Rio Guacha dome are compositionally similar to one another and have the same phenocryst assemblage as the less evolved ignimbrite pumice (64 and 66 wt % SiO 2 , calculated anhydrous, respectively; Figs 3 and 4). The Chajnantor Dome lava has a distinct composition: the bulk-rock and matrix glass are high-Si rhyolite ($77 wt % SiO 2 , calculated anhydrous; Table 1 ; Figs 3 and 4), the lava has the largest negative europium anomaly (Eu/Eu* of 0Á18) of all lithologies erupted from the G2C (Grocke et al., 2017) and its phase assemblage is distinct from the other two domes in that it includes quartz, plagioclase, sanidine, biotite, and minor Fe-Ti oxides (Supplementary Data Table  C .1). For this study, we focused on the Chajnantor Dome, because it is the only post-climactic dome lava that contains glassy melt inclusions in quartz and we were interested in whether the melt inclusions recorded the same highly evolved compositions as the bulk-rock and matrix glass. 73Á91  75Á15  70Á87  76Á67  77Á14  76Á87  TiO 2  0Á30  0Á28  0Á51  0Á14  0Á08  0Á06  Al 2 O 3  13Á64  14Á08  15Á23  13Á30  12Á79  13Á30  FeO*  2Á61  1Á42  2Á49  0Á86  0Á71  0Á16  MnO  0Á07  0Á06  0Á07  0Á04  0Á07  0Á03  MgO  0Á39  0Á31  0Á94  0Á13  0Á07  0Á02  CaO  1Á90  1Á41  2Á59  1Á09  0Á70  0Á52  Na 2 
w.r., whole rock; n.d., not determined; total Fe expressed as FeO*; oxides in wt.%.
Glass is an average of multiple analyses of matrix glass from a single sample, 09008 (n ¼ 15); LA1 (n ¼ 12); B06024 (n ¼ 15) from Grocke et al. (2017) .
Magmatic evolution, petrogenesis, and magma dynamics of the Guacha II Caldera
Zircon U-Pb data indicate that a melt-rich predominantly dacitic magma reservoir was zircon saturated and crystallizing zircon for at least 160 ka prior to eruption (Kern et al., 2016) . This connotes that accumulation of the climactic magma began before this time, supporting a magma body of considerable longevity. Mineral phases within the ignimbrite pumice record preeruptive temperatures of $800 to 850 C, based on Fe-Ti oxide pairs and the model of Andersen & Lindsley (1988) , and modeled pressures and H 2 O contents of $130 and 200 MPa (average 175 6 17 MPa) and $5 wt %, respectively, based on amphibole compositions and the model of Ridolfi et al. (2010) . Together, these data suggest storage of the large-volume pre-climactic magma reservoir between 5 and 9 km depth.
Ti-in-zircon thermometry in other similar APVC systems surrounding the G2C (e.g. La Pacana and PuricoChascon; Fig. 1 ) shows limited secular cooling during the magmatic history, which suggests that sub-caldera magma reservoirs can remain thermally buffered in the upper crust (Kern et al., 2016; Kaiser et al., 2017) . Limited secular cooling has been interpreted to be the consequence of these shallow (5 to 9 km depth) sub-caldera magma systems being the uppermost part of a larger crustal Melting-Assimilation-Storage-Homogenization (MASH) zone referred to as the Altiplano Puna Magma Body (APMB) that extends from $9 to 30km depth (Chmielowski et al., 1999; Ward et al., 2014) . The thermal impact of this magmatic configuration results in conditions where the sub-caldera magma systems can evolve in an elevated thermal field (de Silva & Gosnold, 2007; de Silva & Gregg, 2014) . The protracted thermally buffered lifetimes result in extended crystallization histories whereby these systems settle in a 'petrological trap' where limited thermal and compositional evolution takes place (e.g. Huber et al., 2012; Caricchi & Blundy, 2015) . The consequence of this protracted history is a crystalrich monotonous silicic magma reservoir within which eruptible magma accumulations develop to supervolcanic proportions. This is the context we see for the Cerro Guacha Caldera Complex and the G2C.
Whole-rock isotopic ratios from the G2C eruptive deposits are best reconciled with a two-stage assimilationfractional crystallization (AFC) model that supports the aforementioned magmatic configuration that characterizes the magma systems of the APVC. Stage 1 involves assimilation of local basement lithologies by parental andesite magmas from the APMB that themselves were the product of lower crustal MASH evolution of mantlederived magmas (e.g. Davidson et al., 1991; Burns et al., 2015) . Fractionation of parental andesite magmas in the upper crust (10-25 km depth) generates the magma compositions recorded in the G2C andesite lava and the ignimbrite banded pumice. These magmas in turn then undergo a second stage of AFC in the upper crust ($800-850 C; 5-9 km depth) to produce the most differentiated magmas recorded in the ignimbrite rhyolite pumices. In addition to assimilation, recharge, binary mixing, and shallow crystal fractionation of the dominant mineral phases identified within the ignimbrite pumice (plagioclase, quartz, sanidine, biotite, and Fe-Ti oxides; Supplementary Data Table C.1), are required to explain the geochemical diversity of the Tara lithologies. In particular, the andesite magma, found as andesite lava and andesitic bands in mixed pumice within the ignimbrite, played a large role in sustaining the pre-eruptive magma reservoir's dominant dacitic composition throughout its history. This would further contribute to the limited secular cooling that we would expect to characterize the G2C based on studies of the surrounding APVC caldera systems. Grocke et al. (2017) detail evidence that shows that at least one episode of andesite magma recharge occurred in the upper crustal magma reservoir prior to the eruption of the G2C; fractionation of this andesite magma formed residual rhyolitic melt sampled by the plinian eruption and deposited as fallout pumice. This interpretation is supported by matrix glass compositions from the fallout pumice that diverge from a crystallization trend and consistently lie at the least evolved end of the suite of matrix glasses analyzed (Figs 3 and 4) . Grocke et al. (2017) developed a petrogenetic and magma dynamic model for the Tara magmatic system. Initially, a large-volume, upper crustal, monotonous silicic magma reservoir was sustained via recharging andesitic magmas. Some of these andesitic magmas fractionated within the large-volume dacitic magma reservoir to form a relatively small volume of rhyolitic, crystal-poor, residual melt. Initiation of the explosive phase occurred as the andesite-derived rhyolitic melt erupted in a short-lived plinian eruption along with some of the main dacitic magma. Transition to climactic eruption, caldera collapse and the eruption and deposition of the >800 km 3 DRE Tara ignimbrite, completed the explosive phase of the Tara supereruption. A significant volume of magma remained to promote resurgent uplift, which is represented by the effusion of three post-climactic lava domes that represent separate coexisting 'pods' of eruptible magma derived from the remnant climactic magma. The Chajnantor Dome tapped the most differentiated magma pod within the G2C cycle. This antecedent framework provides the context for the investigation of the volatile evolution of the G2C study presented hereafter.
METHODS

Melt inclusion sampling and preparation
Although we have sampled and examined the vertical and horizontal extent of the Tara eruptive deposits to characterize the petrology and geochemistry of the suite (68 samples; Grocke et al., 2017) , abundant glassy melt inclusions were only found in the fallout pumice (sample 09008; n ¼ 44) and one distal ignimbrite section from Loma Amarillo (sample LA1; n ¼ 29; Figs 1 and 2). The Chajnantor Dome lava (sample B06024) also contains pristine inclusions (n ¼ 8), although most inclusions are crystallized, most likely due to post-emplacement recrystallization of the melt inclusions during slow cooling (e.g. Wallace, 2005) . We report the whole-rock and matrix glass major element compositions calculated anhydrous (Table 1) , as well as the non-normalized major element, trace element, and isotopic compositions of these three samples (Supplementary Data Table C.2). We also report the geochemistry of other notable wholerock samples, including the Chajnantor Lavas and Rio Guacha Dome lavas, and the banded pumice from the ignimbrite and the andesite scoria (Supplementary Data Table C .2), which represent the recharging magma (Grocke et al., 2017) .
Pumice and lava were gently crushed and sieved to the >710 lm size fraction. Quartz crystals were handpicked under a binocular stereomicroscope using refractive index oil (n % 1Á54, similar to that of quartz) to optimize melt inclusion visibility. To detect cracks, capillaries and other features that may indicate that the inclusion did not remain a closed system during cooling and depressurization, each crystal was observed carefully using a stereomicroscope. Melt inclusions that were not completely sealed in the phenocryst host or contained bubbles and, or, fractures were avoided. We catalogued, described, and photographed those crystals containing naturally glassy melt inclusions (Supplementary Data A).
Crystals were carefully oriented to intersect the maximum number of inclusions. We ground and polished quartz to doubly intersect melt inclusions and photographed crystals at each stage of the sample preparation process (Supplementary Data A) to be able to reference the original shape, texture, and color of the melt inclusions. Following Fourier Transform infrared spectroscopy (FTIR) analysis of the melt inclusions, the wafers were mounted in epoxy plugs for secondary ion mass spectrometry (SIMS), electron microprobe (EMP), and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) analysis.
Melt inclusion and quartz host petrography
We chose only glassy inclusions for analysis. In the fallout and ignimbrite pumice multiple inclusions are often present in single crystals (Fig. 5; Supplementary Data A) . Glassy inclusions include bubble-free clear inclusions and inclusions showing signs of incipient crystallization, as indicated by a light brown color and, or, evenly dispersed incipient microlites (< 1 lm, identified using SEM). Nearly all melt inclusions from the Tara deposits have bipyramidal negative-crystal shapes ( Fig. 5 ; Supplementary Data A) that exhibit smooth edges and lack sharp angles and terminations. Some negative-crystal shaped inclusions have nearly prismatic shapes (sample LA1_1; Fig. 5 ), a few inclusions are ovoid or irregular in shape (e.g. sample 09008_xl41; Supplementary Data A), and we identified only one hourglass inclusion (sample LA1_xl14; Supplementary Data A). Negative-crystal shaped inclusions have been interpreted to reflect primary ovoid inclusions that experienced post-entrapment evolution or maturation of their morphology (e.g. Chaigneau et al., 1980; Beddoe-Stephens et al., 1983; Roedder, 1984; Manley, 1996; Chesner & Luhr, 2010) . The dominance of this type of inclusion suggests that the quartz crystals studied here resided in the magma for some time prior to eruption. It should be noted that morphological maturation has no effect on the composition of the trapped melt (e.g. Manley, 1996) . Most inclusions chosen for study are colorless, however, some inclusions from the Chajnantor Dome lava are light tan in color ( Fig. 5 ; Supplementary Data A). The typical size of all inclusions from the Tara deposits ranges from $40 to 200 lm in diameter with an average diameter of 100 lm (Table 2 ).
Analytical techniques
We quantified H 2 O and CO 2 in melt inclusions, using a Thermo Nicolet Nexus 671 Fourier Transform Infrared (FTIR) spectrometer interfaced with a Continuum IR microscope at the University of Oregon. Additional analyses were conducted using a Thermo Nicolet 6700 FTIR spectrometer interfaced with a Continuum IR microscope at the Smithsonian Institution, NMNH. Additional details on the FTIR procedure are given in Supplementary Data B. When possible, melt inclusion thickness was measured using two techniques (digital micrometer and FTIR reflection spectra); a discussion of those results is in Supplementary Data B. In the instances where both methods were performed, the thickness measurements correlate very well (R 2 ¼ 0Á89), although the thickness measurements made using the digital micrometer are systematically offset to higher values (Supplementary Data Fig. B .1). For consistency, Table 2 includes the micrometer measurements, as they are available for every analyzed melt inclusion. In total, we collected FTIR data on 65 melt inclusions. We filtered the dataset by removing any spectra that we deemed difficult to quantify in terms of H 2 O and CO 2 due to spectral fringes (n ¼ 16) leaving a final dataset from 50 melt inclusions (34 from the fallout pumice, 14 from the ignimbrite pumice, and 2 from the Chajnantor Dome; Table 2 ). Of this final dataset, inclusions from the fallout and ignimbrite pumice were typically between 50 and 200 lm in diameter (average $100 lm; Table 2 ), whereas the two inclusions from the Chajnantor Dome lava for which we have FTIR analyses are significantly larger ($200 lm in diameter; Table 2 ). Based on replicate analyses and uncertainties associated with thickness measurements, mean uncertainties are 6 8% relative, (1r) for total H 2 O and 6 5% relative, (1r) for total CO 2 .
Major element compositions in melt inclusions were analyzed using the CAMECA SX-100 EPMA at Oregon State University at 15 kV accelerating voltage, a beam current of 30 nA, a defocused (5 lm diameter) beam and count times between 10 and 30 s on peak. Additional analyses of melt inclusions (those inclusions labeled 'SI' in Tables 2 and 3 , and Supplementary Data C.3) were run using the Smithsonian JEOL-8900 instrument at 15 kV accelerating voltage and a beam current of 10 nA. Analyses were performed using an equivalent 5 lm beam size, and count times ranging between 10 and 20 s on peak. Overlap of the electron beam with host quartz was in most cases easily avoided because the inclusions analyzed were sufficiently large (>40 lm in diameter; Table 2 ). In both analytical procedures, Na and K were analyzed first, and time-dependent intensities were extrapolated to zero-time to correct for any effects of alkali migration. Rhyolite glass standards (VG568) were analyzed regularly to ensure data quality; replicate analyses showed little variability (<1% for SiO 2 and Al 2 O 3 ; <5% for K 2 O, CaO, MnO, FeO, Na 2 O, MgO, and TiO 2 ). Uncertainties are shown as 1r error bars in the plots in Figs 3 and 4. Primary standards used in analyses are listed in Supplementary Data B along with a more detailed discussion of our procedure for correcting for alkali migration. Major element results normalized to an anhydrous basis are presented in Table 2 and non-normalized major elements in Table  C .3. Details for matrix glass major element analyses are provided in full in Grocke et al. (2017) .
Trace element analyses as well as additional measurements of H 2 O in melt inclusions were made using a CAMECA IMS 6f ion microprobe (SIMS) at Arizona State University. Trace element compositions were analysed for 45 melt inclusions (20 from the fallout pumice, 18 from the ignimbrite pumice, and 5 from the Chajnantor Dome; Table 3 ). Of these 45 inclusions, we measured H 2 O contents in 42 melt inclusions (Table 3) ; inclusions from the fallout and ignimbrite pumice were typically between 50 and 200 lm in diameter (average $100 lm; Tables 2 and 3), and the three inclusions from the Chajnantor Dome lava for which we have SIMS analyses are slightly larger ($150 lm in diameter; Tables 2  and 3) . A 10 nA primary beam of 16 O -ions generated in a duoplasmatron held at -12Á5 keV was used. The beam was focused to a spot of $30 lm in diameter and positive secondary ions were accelerated to an energy of þ9 keV. Additional details on SIMS analyses are listed in Supplementary Data B and the full dataset of SIMS trace element analyses is presented in Supplementary Data Table C.4. Uncertainties are indicated by 1r error bars in Fig. 6 .
Trace element concentrations were also analyzed using a NewWave DUV 193 ArF Excimer laser ablation system connected to a VG PQ ExCell quadrupole ICP-MS at Oregon State University. Analyses were conducted on 50 melt inclusions (27 from the fallout pumice, 19 from the ignimbrite pumice, and 4 from the Chajnantor Dome). Where evidence of beam overlap with the host was apparent based on trace element compositions, the analyses were rejected. Additional details on melt inclusion LA-ICP-MS analyses are presented in Supplementary Data B, the full dataset of LA-ICP-MS trace element analyses is given in Supplementary Data Table C.5; uncertainties are indicated by 1r error bars in the plots in Fig. 6 . Details on matrix glass trace element analyses are provided in full in Grocke et al. (2017) .
Ti ( 12Á70 0Á65 0Á10 0Á03 0Á47 2Á06 5Á40 0Á02 0Á12  4Á7  0Á3  172  11  35 clear 128  58 76Á79 0Á11 12Á98 0Á81 0Á07 0Á07 0Á85 2Á66 5Á53 0Á01 0Á12  6Á0  0Á4  239  14  36_A clear  71  46 77Á51 0Á11 13Á16 0Á80 0Á05 0Á07 0Á82 2Á36 4Á97 0Á00 0Á14  4Á8  0Á3  202  9  36_B clear  57  46  ----------- 0Á6  170  8  SI_1_A clear  32 77Á02 0Á10 13Á22 0Á79 0Á02 0Á03 0Á94 2Á79 4Á99 0Á00 0Á10  ----SI_1_B clear  32 76Á92 0Á12 13Á23 0Á86 0Á01 0Á08 1Á07 2Á74 4Á84 0Á00 0Á12  ----SI_2_A clear 109  43 76Á35 0Á10 13Á62 0Á78 0Á01 0Á04 0Á84 2Á78 5Á36 0Á00 0Á12  4Á0  0Á4  161  23  SI_2_B clear  43 76Á85 0Á07 13Á16 0Á70 0Á04 0Á03 0Á68 2Á92 5Á41 0Á02 0Á13  ----SI_4 clear  60 77Á04 0Á07 13Á02 0Á67 0Á03 0Á04 0Á68 3Á03 5Á28 0Á01 0Á12  4Á5  0Á2  195  6  SI_5 clear 104  61 76Á38 0Á10 13Á23 0Á83 0Á05 0Á06 0Á83 2Á99 5Á34 0Á08 0Á11  4Á5  0Á5  98  8  SI_7 clear  53  29 77Á03 0Á07 13Á13 0Á66 0Á06 0Á04 0Á64 2Á90 5Á32 0Á03 0Á11  4Á7  0Á4  249  26  SI_9_A clear  64  42 76Á69 0Á12 13Á22 0Á77 0Á07 0Á06 0Á80 3Á00 5Á12 0Á02 0Á13  4Á4  0Á3  239  37  SI_9_B clear  53  42 76Á91 0Á07 13Á14 0Á87 0Á03 0Á07 0Á86 2Á71 5Á19 0Á02 0Á13  4Á7  0Á2  116  36  SI_13_A clear  55 76Á87 0Á08 13Á11 0Á74 0Á07 0Á04 0Á74 2Á70 5Á52 0Á03 0Á10  ----SI_13_B clear  82  55 76Á74 0Á11 13Á20 0Á87 0Á02 0Á08 0Á97 2Á74 5Á12 0Á03 0Á12  4Á9  0Á3  157  31  Tara IG  Pumice LA1   1_B clear 105  58  -----------4 Á9  0Á5  165  11  2 clear  77  71 78Á11 0Á09 12Á52 0Á57 0Á05 0Á05 0Á84 3Á24 4Á31 0Á01 0Á14  4Á0  0Á2  629  18  3 clear  75  40 78Á27 0Á04 12Á55 0Á60 0Á06 0Á05 0Á64 2Á83 4Á84 0Á02 0Á05  ----4 clear 100  68 76Á30 0Á13 13Á18 1Á04 0Á06 0Á13 1Á00 3Á40 4Á57 0Á01 0Á15  4Á4  0Á2  68  2  5 clear  67  43 78Á20 0Á06 12Á68 0Á54 0Á11 0Á03 0Á50 3Á24 4Á54 0Á01 0Á07  ----7_A clear  75  39  ---------------7_B clear  63  39 77Á52 0Á08 12Á88 0Á58 0Á06 0Á04 0Á64 2Á84 5Á20 0Á02 0Á08  ----8 clear  88  89 76Á74 0Á12 13Á15 0Á63 0Á04 0Á07 1Á03 3Á58 4Á47 0Á02 0Á11  3Á3  0Á3  36  2  10 clear 132  66 76Á99 0Á10 12Á92 0Á77 0Á05 0Á06 0Á79 3Á07 5Á01 0Á02 0Á14  4Á8  0Á2  415  13  11_A clear 111  57 76Á83 0Á11 12Á96 0Á84 0Á05 0Á08 0Á95 3Á34 4Á67 0Á01 0Á12  3Á5  0Á2  184  9  11_B clear  67  57 77Á12 0Á11 13Á14 0Á81 0Á05 0Á09 1Á01 3Á06 4Á40 0Á03 0Á13  ----12_A clear  78  29 77Á48 0Á14 12Á69 0Á91 0Á07 0Á11 1Á01 3Á08 4Á32 0Á01 0Á12  2Á8  0Á3  268  25  12_B clear  78  29 76Á96 0Á13 12Á83 0Á94 0Á04 0Á11 1Á05 3Á28 4Á45 0Á02 0Á12  2Á5  0Á2  162  15  12_C clear  29 76Á99 0Á13 12Á84 0Á88 0Á04 0Á12 1Á03 3Á38 4Á38 0Á02 0Á13  ----13 clear  50  40 78Á19 0Á08 12Á37 0Á68 0Á05 0Á06 0Á85 3Á16 4Á38 0Á02 0Á12  ----14 clear 189  50 77Á20 0Á12 12Á72 0Á86 0Á05 0Á10 0Á94 3Á30 4Á52 0Á02 0Á13  3Á6  0Á3  263  15  15_A clear 156  40 76Á91 0Á12 12Á78 0Á88 0Á04 0Á12 0Á97 3Á34 4Á59 0Á02 0Á13  2Á1  1  130  7  15_B clear  61  40 77Á20 0Á12 12Á73 0Á90 0Á05 0Á11 1Á00 3Á24 4Á43 0Á02 0Á13  ----16_A clear  67  33 76Á96 0Á15 13Á38 0Á96 0Á04 0Á11 1Á08 2Á71 4Á43 0Á01 0Á16  ----16_B clear  50  33 76Á18 0Á13 12Á93 1Á19 0Á07 0Á15 1Á89 2Á73 4Á42 0Á01 0Á19  ----16_C clear  33 77Á28 0Á14 13Á38 0Á95 0Á05 0Á12 1Á19 2Á67 4Á05 0Á02 0Á13  ----17 clear  56  24 77Á53 0Á12 12Á71 0Á89 0Á03 0Á11 1Á03 2Á97 4Á37 0Á02 0Á13  ----18 clear  93  48 77Á14 0Á10 13Á01 0Á47 0Á03 0Á04 0Á78 3Á11 5Á13 0Á02 0Á12  3Á6  0Á3  108  5  SI_6 clear  95  46 77Á16 0Á08 12Á87 0Á85 0Á06 0Á10 0Á98 3Á21 4Á58 0Á00 0Á10  4Á1  0Á2  485  22  SI_7_A clear 153 100 76Á67 0Á11 13Á05 0Á91 0Á03 0Á07 0Á92 3Á15 4Á93 0Á06 0Á11  4Á4  0Á2  61  2  SI_7_B clear  100 76Á88 0Á09 12Á95 0Á86 0Á00 0Á07 0Á93 2Á97 5Á11 0Á00 0Á12  ----SI_10 clear  54 79Á25 0Á08 11Á61 0Á64 0Á08 0Á04 0Á85 2Á63 4Á71 0Á00 0Á11  ----SI_12 clear 105  48 78Á50 0Á07 12Á12 0Á68 0Á05 0Á03 0Á71 2Á91 4Á80 0Á02 0Á11  ----SI_13 clear  66  38 76Á44 0Á12 13Á27 0Á76 0Á04 0Á07 0Á99 3Á01 5Á19 0Á01 0Á11  3Á7  0Á9  152  24  Chaj  Dome   1  re 155  95 77Á57 0Á05 13Á05 0Á19 0Á05 0Á03 0Á57 2Á88 
on Ti (ppm) data analyzed via EMP and any slight offset in SIMS and LA-ICP-MS data is attributed to an offset in the Ti calibration, which may stem from matrix effects on hydrous glasses, an issue for both SIMS and LA-ICP-MS analyses, when calibrated on dry glasses (e.g. NIST glasses; Boehnke et al., 2013) . A comparison of trace element data derived from melt inclusions via SIMS and LA-ICP-MS was also performed. The data obtained by the two techniques are in good agreement (e.g. R 2 > 0Á96 for Sr and Ba; Supplementary Data Fig. B.3) ; therefore, our interpretations would remain the same regardless of the trace element dataset we use. In our interpretations we discuss the following trace elements for which we have SIMS analyses: Li, B, Ti, Rb, Sr, Y, Zr, Nb, Ba, Ce, Nd, Sm, Th, and U. We supplemented these analyses with additional REE analyses made by LA-ICP-MS: La, Pr, Eu, Gd, Dy, Er, and Yb (Table 3) .
RESULTS
Major and trace element concentrations in melt inclusions
All melt inclusions from the Tara fallout and ignimbrite pumice and the Chajnantor Dome lava are high-Si rhyolite (average SiO 2 content is 77 wt %, calculated anhydrous, Table 2 ; Figs 3 and 4). They overlap the wholerock data, but lie at the high SiO 2 and K 2 O end and low MgO, FeO, and CaO end of the trend defined by the whole-rock data (Figs 3 and 4) . Although melt inclusions from all three deposits tend to have overlapping major element compositions, slight distinctions can be seen in some major elements. For example, melt inclusions from the Chajnantor Dome lava have slightly lower FeO ($0Á3 wt %) and higher K 2 O ($5Á4 wt %) than melt inclusions from the ignimbrite pumice ($0Á8 and 4Á6 wt %, respectively), and melt inclusions from the fallout pumice also tend to have higher K 2 O ($5Á2 wt %) than inclusions from the ignimbrite pumice, although in both cases there is overlap (Figs 3 and 4) . Melt inclusions from all three Tara eruptive phases have higher incompatible (e.g. Rb) and lower feldspar-compatible (Sr and Ba) trace element concentrations relative to the wholerock data (Fig. 6) .
REE (e.g. Ce) are lower in melt inclusion glasses than in whole-rocks. Chondrite-normalized REE for melt inclusions hosted in the fallout and ignimbrite pumice define similarly steep patterns: the range of (La/Yb) N values for melt inclusions hosted in the fallout and ignimbrite pumice are 2 to 20 and 1 to 22, respectively (Fig. 7) . Melt inclusions hosted in the Chajnantor Dome lava have a shallower REE pattern with a range in (La/ Yb) N values between 2 and 3. Although all samples show negative Eu anomalies, melt inclusions from the Chajnantor Dome lava have the strongest negative Eu anomaly (average Eu/Eu* ¼ 0Á06) compared to melt inclusions hosted in the fallout and ignimbrite pumice (average Eu/Eu* ¼ 0Á45 and 0Á43, respectively; Fig. 7) .
Trace element and REE data reveal three populations of melt inclusions that we refer to as Populations 1, 2, and 2b (Fig. 6) . Population 1 has lower Rb, higher Sr and Ba and includes melt inclusions from the fallout and ignimbrite pumice. Population 2 has higher and variable Rb ($150 to 600 ppm), lower Sr and Ba, and includes melt inclusions from the fallout and ignimbrite pumice. Population 2b is only found in the Chajnantor Dome lava and shares the characteristics of Population 2 but has consistently shallow REE patterns ((La/Yb) N ¼ 2-3) that exhibit strong negative Eu anomalies (Eu/Eu* ¼ 0Á06; Figs 6c and 7).
Volatile concentrations in melt inclusions
For the fallout and ignimbrite pumice, the range of melt inclusion H 2 O contents measured by FTIR is 2Á6-6Á0 and 2Á1-4Á9 wt % H 2 O, respectively (Table 2, Fig. 8 ). Dissolved CO 2 concentrations in melt inclusions from the fallout pumice vary between 92 and 302 ppm, and in the ignimbrite pumice, between 36 and 629 ppm (Table 2, Fig. 8 ). For the fallout and ignimbrite pumice, the range of melt inclusion H 2 O contents measured by SIMS is 2Á9-5Á6 and 2Á3-4Á8 wt % H 2 O, respectively (Table 3) . The average H 2 O content determined by FTIR and SIMS on the same melt inclusions (n ¼ 27) from the fallout and ignimbrite pumice is within error (4Á1 6 0Á8 and 4Á0 6 0Á7, respectively; Supplementary Data Fig.  B.4) . These values are in broad agreement with model H 2 O contents from amphibole in the ignimbrite pumice (4Á7 6 0Á4 wt %) that were calculated based on formulation of Ridolfi et al. (2010; Grocke et al., 2017) . They are also in agreement with model H 2 O contents using the 7  1  6  5  2  3  5Á3 0Á4  36_A  --------------33  7  1  5  5  1  2  --36_B  ---------------------3Á0 0Á2  36_C  --------------13  3  0  3  2  0  1  --37  63 46 381 515 18 28  70 18  39 15  8  5  23  --------3Á1 0Á2  38  --------------33  7  0  3  4  2  2  --40 80 1  5  3  2  2  4Á2 0Á1  16_C  -----------------------17  50 35 549 154 93 17  75 11 474 78 25  5  18  5 48 10  -4  4  2  3  4Á7 0Á1 (continued)
plagioclase-melt hygrometer of Waters & Lange (2015;  using plagioclase rim and matrix glass compositions at 800 C; Supplementary Data Table C.7), which yield average melt water contents of 4Á8 6 0Á2 wt % H 2 O for the ignimbrite pumice.
Two melt inclusions from the post-climactic dome lava for which we have reliable FTIR measurements yield H 2 O contents of 2Á0 and 2Á6 wt % and CO 2 contents below the detection limit (<10 ppm; Table 2 , Fig. 8 ). These results are in good agreement with H 2 O contents measured by SIMS in three melt inclusions from the post-climactic dome lava, which range from 1Á0 to 3Á2 wt % (Table 3) . We used FTIR and SIMS to analyze H 2 O in one melt inclusion from the dome lava; both techniques yield the same result (2Á0 wt %; Tables 2 and  3) ; the data are therefore aggregated. Pre-eruptive H 2 O contents show very little systematic variation with indices of differentiation, such as MgO and Rb (Fig. 9a and b) . Most melt inclusions in both the fallout and ignimbrite pumice have CO 2 contents of <300 ppm, and correlations between CO 2 and indices of differentiation are absent ( Fig. 9c and d) . At the same Rb content ($200 ppm), CO 2 contents in the ignimbrite pumice can vary between <50 and >600 ppm (Fig. 9d) . The average melt inclusion composition from the Chajnantor Dome lava has low MgO ($0Á02 wt %; n ¼ 8) and high Rb ($390 ppm; n ¼ 5), and CO 2 below detection (n ¼ 2; Fig. 9c and d) .
Melt inclusions in both the fallout and ignimbrite pumice exhibit large variations in chlorine contents (Table 2 ; Fig. 9e and f) . Chlorine contents in melt inclusions from the fallout pumice show no systematic variation with indices of differentiation, however chlorine contents in melt inclusions from the ignimbrite pumice seem to decrease with progressive crystallization (Fig. 9e and f) . Melt inclusions from both units contain up to $0Á19 wt % Cl (average wt % Cl for both units is 0Á12). Although many of the dome inclusions have Cl contents below detection limits (<0Á008 wt % Cl; n ¼ 8; Table 2 ), we identified three inclusions hosted in the dome lava that contain on average 0Á070 6 0Á003 wt % Cl, which is well above the detection limit ( Fig. 9e and f) . The Chajnantor Dome melt inclusions with detectable Cl lie at the low Cl, low MgO, and high Rb end of the (Table 2) . We found no detectable CO 2 in the dome inclusions ( Table 2) . trend of the ignimbrite-hosted melt inclusions. S was below the detection limit in all analyzed melt inclusions from all Tara eruptive phases. F was not consistently analyzed and therefore the data are not included here.
Prior to interpreting these melt inclusion volatile contents as pre-eruptive or primary, it is imperative to remove those inclusions from the data set that have likely experienced post-entrapment modifications. Crystals in quickly cooled fallout pumice commonly contain quenched, glassy melt inclusions that preserve dissolved volatile contents; however, inclusion decrepitation is common due to rapid decompression during explosive eruption (Tait, 1992; Wallace et al., 2003; Bindeman, 2005) . For our analyses, we avoided inclusions with vapor bubbles or fractures that indicate rupture of the host crystal. Diffusive re-equilibration of quartz-hosted melt inclusions post-entrapment is another concern. For example, during effusive eruptions where magma ascends slowly to produce lava flows or domes, loss of H by diffusion through the host crystal can occur (Qin et al., 1992; Lowenstern, 1995; Lu et al., 1995) . Moreover, heating experiments have shown that volcanic deposits that remain at high temperatures (>800 C; 1 kbar) in excess of $60 days, as would be expected of the Tara ignimbrite, may contain inclusions that have experienced significant H 2 O loss (Wallace et al., 2003; Severs et al., 2007) .
Several tests have been devised to assess whether diffusive re-equilibration of H 2 O may have occurred within melt inclusions. For instance, Qin et al. (1992) suggested that larger melt inclusions re-equilibrate more slowly and therefore, H 2 O contents in melt inclusions may increase with inclusion size. To evaluate this possibility for the Tara system, we plotted H 2 O (wt %) versus melt inclusion diameter (lm) and we observe no trend (Supplementary Data Fig. B.5) . The absence of a correlation might suggest post-entrapment diffusive reequilibration is not a function of inclusion size in the suite of Tara melt inclusions; however, melt inclusions in different crystals and from individual eruptive units may have experienced varying ascent histories and therefore various degrees of diffusive re-equilibration. There are several interpretations that might explain the variations in pre-eruptive H 2 O contents. The variable H 2 O contents (2-5 wt.%) in melt inclusions from the ignimbrite do not correlate with indices of differentiation (e.g. MgO and Rb), whereas Cl does correlate with these same indices. These relations suggest that inclusions from the ignimbrite pumice were affected by various degrees of diffusive H loss (e.g. Myers et al., 2016) . Melt inclusions from the fallout pumice, while also highly variable in H 2 O contents lack correlations between Cl and highly incompatible trace elements; therefore it is more difficult to definitively state whether they may have been affected by diffusive H loss or whether the low H 2 O contents are primary characteristics or are due to degassing before the inclusions were trapped.
Bubble-free melt inclusions in the Chajnantor Dome lava (Tables 2 and 3) have low H 2 O ($2Á0 wt %) and extremely low CO 2 , suggesting entrapment of a degassed magma at low pressures. This interpretation is also supported by the low Cl in these inclusions, which degasses only at very low pressures. Although we cannot entirely rule out the possibility that post entrapment H loss may have contributed to the low H 2 O contents of these inclusions, it is more likely that they record shallow degassing. In the following discussion of pre-eruptive magma reservoir conditions, we rely more heavily on CO 2 contents in inclusions with no bubbles and melt inclusion trace element concentrations as these components should not be as affected by processes such as diffusive re-equilibration. It should be noted that our interpretations of the pre-eruptive conditions of the Chajnantor Dome lava rely on relatively few melt inclusions (H 2 O, n ¼ 4, including both FTIR and SIMS measurements; CO 2 , n¼ 2; trace elements, n ¼ 5; major elements, n ¼ 8; Tables 2 and 3) , which is a result of our rigorous filtering of the datasets and the difficulty, in general, of finding naturally glassy melt inclusions in dome deposits. While we base our interpretation of the volatile inventory of the dome lava on a small number of analyses, the high quality of these rigorously screened inclusions gives us a reliable dataset upon which to base our interpretations.
DISCUSSION
Following on from Grocke et al. (2017) we use the new data from melt inclusions presented here to explore the magma and eruption dynamics of the G2C. Specifically we investigate processes driving melt chemistry and volatile evolution in the pre-eruptive G2C reservoir, and we discuss the role of pre-eruptive volatiles in controlling eruptive transitions at the G2C. Lastly, we discuss whether the magmatic model developed here for the Tara system can be applied as a model for CCF monotonous silicic magma systems in general.
Processes driving melt chemistry in the preclimactic magma reservoir
Based on whole-rock and matrix glass compositions, crystal fractionation and andesitic recharge are two processes that led to the range of compositions erupted from the G2C (Grocke et al., 2017) . To assess the relative roles of each of these two processes on melt evolution, we focus on the chemistry of the melt inclusions.
The role of crystal fractionation
Variable trace element compositions trapped by melt inclusions hosted in quartz from the ignimbrite pumice suggest that chemical heterogeneities existed in the pre-eruptive magma reservoir during the time of melt inclusion entrapment (Fig. 6) . Melt inclusion populations 1 and 2 exhibit trends of increasing Rb with decreasing Sr and Ba, and decreasing Ba/Rb with decreasing Eu/Eu* (Fig. 6) , consistent with fractionation of the dominant phases, including plagioclase, quartz, sanidine and biotite, identified in both the ignimbrite pumice and Chajnantor Dome lava (Supplementary Data Table C.1). Using the least-squares mass-balance method of Stormer & Nicholls (1978) , Grocke et al. (2017) showed that crystal fractionation of these phases, plus additional minor phases identified in both deposits in thin section (e.g. magnetite, apatite, and zircon), can explain the whole-rock compositional variability from the average dacite to the rhyolitic Chajnantor Dome lava (fraction of melt remaining, F ¼ 0Á34-0Á43; RR 2 ¼ 0Á32). Here we test whether the same mineral assemblage and proportion of phases that was used to explain the whole-rock major and trace element variability could also explain the variation in melt inclusion trace element compositions.
We chose a starting melt composition (melt inclusion sample LA1_15_A; Table 4 ) that contains high Ba and Sr and low Rb, and therefore represents one of the least evolved population 1 melts in the ignimbrite pumice. We first modeled the amount of fractionation required to produce the rhyolite Chajnantor Dome lava as a residual melt, which is the most evolved melt composition in the Tara suite (melt inclusion sample D_1; Table 4 ). Using the same proportions of fractionating phases that were used in whole-rock major element fractionation modeling, we calculated an average Fvalue of 0Á31 using trace elements (Ba, Sr, and Rb; Table 4), which is well within the uncertainty of the major element models. These results demonstrate that a population 1 Tara ignimbrite melt could produce the Chajnantor Dome lava rhyolite as a residual melt after $70% crystallization (Fig. 6) . Thus, the trace element modeling of the melt inclusions supports the interpretation that extensive fractionation occurred throughout the temporal evolution of the caldera cycle, leading to highly evolved and diverse melt compositions and a complementary crystal mush.
Melt inclusions within quartz crystals from the fallout and ignimbrite pumice also record progressive fractionation of the large-volume silicic pre-climactic magma. Melt inclusions from the fallout and ignimbrite pumice lie within the same two populations (1 and 2; Fig. 6 ). The two populations can be related via crystal fractionation using the same starting melt composition that was used in the fractionation model described above (sample LA1_15_A; Table 4 ). Population 2 melts could have been produced as residual compositions following <70% crystal fractionation of the least evolved melt compositions within population 1 (Fig. 6) . These model estimates support significant crystal fractionation in the pre-climactic G2C magma reservoir and implicate a dominant volume of crystals compared to melt. These findings support the notion that monotonous silicic magma systems can persist as near-solidus crystal mushes for the majority of their time in the upper crust (e.g. Bachmann & Bergantz, 2003; Hildreth, 2004; Lee et al., 2015; Grocke et al., 2017) , with much of this lifetime in a thermally buffered state (Huber et al., 2012; Caricchi & Blundy, 2015; Kaiser et al., 2017) . In the case of the G2C, the $70% crystal fractionate likely represents the uneruptible mush, from which more evolved liquids formed, separated, and eventually erupted in the Tara deposits.
That melt inclusions from the fallout and ignimbrite pumice lie within the same two melt populations suggests that all explosively erupted quartz crystallized from the same pre-climactic monotonous silicic magma reservoir. The population 2b melt inclusions in the Chajnantor Dome lava share characteristics with Population 2 (Fig. 6a and b) , which would suggest that the Chajnantor Dome inclusions are samples of preclimactic melt as well; however, they require extreme fractionation of feldspar and accessory phases such as allanite to drive the melt to their depleted LREE and Eu/ Eu* compositions (Figs 6c and 7) . This interpretation confirms those made using whole-rocks that the Chajnantor Dome lava is significantly enriched in Rb, has a more pronounced Eu anomaly, and a shallower REE pattern compared to the fallout and ignimbrite pumice, consistent with a melt that evolved further after having been segregated from the remnant climactic magma (Grocke et al., 2017) .
The role of andesitic recharge
Melt inclusions from the fallout pumice are more evolved (higher SiO 2 , K 2 O, Rb, lower Ba, Sr) than their host matrix glass (Figs 3, 4 and 6 ). This is in contrast to the ignimbrite pumice and Chajnantor Dome lava, for which the melt inclusion and matrix glass compositions overlap. Melt inclusions found to be more evolved than their host melt have been interpreted to record intrusion of a less evolved magma shortly before eruption, which allows chemical distinctions between melt inclusion and matrix glass compositions to be preserved (e.g. Vogel & Aines, 1996; Shane et al., 2008; Chesner & Luhr, 2010; Kilgour et al., 2013; Roberge et al., 2013; Chamberlain et al., 2015) .
Based on both bulk-rock and crystal-scale evidence, Grocke et al. (2017) proposed that there was at least one episode of andesite magma recharge into the G2C monotonous silicic reservoir. We summarize those observations here. Andesite lava and banded pumices erupted throughout the volcanic history of the system and their composition was shown by AFC modeling to be a suitable parent to the suite of more evolved G2C magmas, suggesting that andesitic recharge sustained the upper crustal reservoir's dominant dacitic composition throughout its history (Grocke et al., 2017) . In addition, the andesite lava precursor to the climactic eruption (Fig. 2) and the thermal and, or, compositional excursions recorded in bright cathodoluminescence (CL) rims on quartz from both the fallout and ignimbrite pumice, which could be due to an increase in the temperature and, or, the concentration of Ti in the melt, indicate that the pre-eruptive G2C upper crustal magma reservoir had a complex thermal history punctuated by at least one episode of andesite magma recharge (Grocke et al., 2017) .
The more evolved character of the fallout pumice melt inclusions compared to the host matrix glass supports the model of Grocke et al. (2017) whereby the interstitial melt of the fallout pumice, now the matrix glass, was derived from fractionation of the andesitic recharge magma; some of the recharging andesitic magma crystallized within the large-volume pre-climactic reservoir and formed a residual rhyolitic melt, represented by the fallout pumice matrix glass. Major and trace element whole-rock fractionation models suggest $50% fractionation of the andesite magma could produce the fallout pumice compositions as residual melts (Grocke et al., 2017) . Furthermore, the whole-rock isotopic compositions of the andesite lava and fallout pumice are identical, and no intermediate products were sampled with equally depleted isotopic compositions, which suggest that the fallout pumice was unlikely to have formed via mixing.
Integrating the chemical observations from wholerocks and matrix glasses, with those made here from melt inclusions, suggests that quartz from the fallout pumice crystallized from the pre-climactic magma and trapped variable melt compositions (populations 1 and 2) that reflect variable degrees of crystal fractionation, prior to being inmixed into the residual, less evolved, rhyolitic melt. The process of entraining quartz from the dominant reservoir occurred at some point during the interval between the formation of the melt and its eruption. This magma was then subsequently erupted in a plinian column and deposited as a basal fallout pumice.
Pre-eruptive magma reservoir conditions
Following Lowenstern (1995) and Newman & Lowenstern (2002) the concentrations of H 2 O and CO 2 in melt inclusions (Fig. 8) can be used estimate minimum trapping pressures (Fig. 10) . To calculate the pressures of melt entrapment in the Tara system, and hence magma crystallization conditions, we focus on H 2 O data obtained by FTIR because for our dataset this technique also provides CO 2 concentrations. Since we find that some melt inclusions, primarily those in the ignimbrite, have been affected by diffusive H loss, we use those melt inclusions with the highest H 2 O contents within each eruptive unit as the best indicator of initial H 2 O concentration (following the methods of Myers et al., 2016) . The melt inclusions with the highest H 2 O contents in the fallout and ignimbrite pumice plot at $200 MPa (Fig. 10) . These pressures were converted to depths using an average continental crust density of 2Á7 g/cm 3 and give pre-eruptive depth estimates of entrapment of <8 km. This pressure can be interpreted as the minimum pressure at which melt inclusions within Populations 1 and 2 could have been trapped. If the melts were not vapor saturated at the time of trapping, then the trapping pressures would have been higher than 200 MPa. Importantly, inclusions from the ignimbrite pumice have the highest CO 2 concentrations that exceed 400 ppm CO 2 , indicative of relatively high entrapment pressures (Fig. 10) . Data from amphibole in the Tara ignimbrite pumice give similar pressures between $130 and 200 MPa (average 175 6 17 MPa; Grocke et al., 2017 , based on the formulation of Ridolfi et al., 2010) . The strong agreement between mineral barometry and pressures constrained from melt inclusions demonstrates that crystallization in the preclimactic reservoir occurred between 5 to 8 km depth and the magma was indeed vapor-saturated during crystallization. Additional evidence for pre-eruptive vapor saturation is suggested by chlorine concentrations in ignimbrite-hosted melt inclusions, which decrease with progressive fractionation (Fig. 9e and f) . This trend suggests that with increasing fractionation chlorine progressively partitioned into what was most likely a vapor phase. Perhaps the strongest evidence for hydrous (75 to 90 mol.% H 2 O; Fig. 10 ) vapor saturation is that the CO 2 contents in ignimbrite-hosted melt inclusions show no correlation with indices of fractionation ( Fig. 9c and d) .
Although rigorous filtering of the melt inclusion FTIR volatile dataset leaves us with only two melt inclusions from the Chajnantor Dome lava, those inclusions indicate different crystallization conditions. As CO 2 and Cl are not lost by diffusion like H, the CO 2 and Cl contents in these melt inclusions help to provide an estimate of pre-eruptive trapping pressures. Melt inclusions from the dome lava record low CO 2 contents (<10 ppm) and relatively low maximum H 2 O contents (2Á6 wt % H 2 O). These values suggest that the dome inclusions were trapped at shallower pressures (<100 MPa) and depths (<4 km depth) than those under which the melt inclusions hosted in the fallout and ignimbrite pumice were trapped (Fig. 10) . The interpretation that quartz trapped melt at lower pressures and in the presence of a vapor phase can also explain the low Cl contents (<0Á07 wt %) in the dome melt inclusions (Fig. 9e and f) . Alternatively, the low Cl may reflect differences in melt composition rather than changes in pressure; the more Fig. 10 . Solubility plot for CO 2 (ppm) versus H 2 O (wt.%) in quartz-hosted melt inclusions from the fallout pumice (blue circles), ignimbrite pumice (green triangles), and Chajnantor Dome lava (red squares). Error bars are 1r. Vapor saturation isobars and vapor isopleths determined for a rhyolitic melt at 800 C, which is the minimum temperature inferred from Fe-Ti oxide thermobarometry in the Tara ignimbrite pumice (Grocke et al., 2017) , using VolatileCalc 1Á1 (Newman & Lowenstern, 2002) . Vapor isopleths labeled with units of 50, 75, and 90 mol % H 2 O vapor indicate the composition of the vapor in equilibrium with the melt. evolved melts from the Chajnantor Dome lava (as evident from low MgO; Fig. 9e ) would result in lower Cl solubility in the melt and hence higher Cl contents in the exsolved fluids. While Cl partitioning between fluid and melt does vary strongly with melt composition (Webster & De Vivo, 2002) , maximum Cl solubility limits in rhyolitic melts are still relatively high ($0Á28 wt % at 200 MPa; e.g. Webster, 1997) ; therefore, differences in melt composition alone are unlikely to be the cause of the low Cl contents in the Chajnantor Dome melt inclusions. It is more likely that the low Cl contents in the melt inclusions from the dome lava resulted from both the highly evolved melt composition and shallow degassing.
The pre-climactic melt
Pressures derived from quartz-hosted melt inclusions and amphibole chemistry indicate that the pre-climactic magmatic system crystallized at $200 MPa (between 5 and 8 km depth; Fig. 11a ). The system was vapor saturated at these pressures and experienced extensive crystal fractionation (<70% crystallization is required to explain the range of melt inclusion compositions in the fallout and ignimbrite pumice; Fig. 6 ) and at least one pulse of andesitic recharge prior to eruption. Melt inclusions from both the fallout and ignimbrite pumice record: (1) nearly indistinguishable major (Figs 3 and 4) and trace element compositions that fall within populations 1 and 2 (Fig. 6) ; (2) compositions typical of the ignimbrite matrix glass; (3) overlapping H 2 O concentrations (Fig. 8) ; (4) similar maximum volatile saturation trapping pressures (Fig. 10) . Based on the similarities in melt compositions of the fallout and ignimbrite pumice, it is reasonably assumed that all explosively erupted quartz crystallized from the same pre-climactic monotonous silicic magma reservoir in the shallow crust. In this scenario, the chemical distinction between the two populations of melt inclusions could be a function of the timing when melts were trapped; population 1 melts were trapped earlier in the history of the magma reservoir prior to extensive crystal fractionation and Fig. 11 . Schematic diagram of the Tara magmatic system modified from Grocke et al. (2017) . The model encompasses the onset of the explosive, caldera-forming eruption through to the eruption of the three post-climactic dome lavas. The eruptive columns are not to scale. (a) Pre-climactic magmatic system and surface topography. Prior to the onset of the Tara supereruption at 3Á49 Ma, the caldera floor of the Guacha I Caldera undergoes structural resurgence, due to the accumulation of a large magma reservoir at depths between 5 and 9 km. The magma body is sustained by a large volume of andesitic magma that ponds at the base of the more silicic magma. An inset shows quartz crystallization within the magma reservoir that contains pockets of crystal-rich and crystal-poor magma and quartz-hosted melt inclusions (MIs) that have trapped pre-climactic population 1 (white) and 2 (grey) melts. (b) At 3Á49 Ma, onset of the Tara supereruption. Andesite magma (black) ascends from the large volume of more mafic magma through the large-volume silicic reservoir to erupt on the Guacha I Caldera ignimbrite. Some of the andesitic magma stalls, and fractionates, forming a crystal poor, residual melt (solid blue), which subsequently erupts as an explosive plinian eruption producing a fallout deposit. The melt contains quartz with MIs of population 1 and 2 compositions that were inmixed from the silicic magma reservoir, and had crystallized bright CL rims due to the intrusion of less evolved and/or higher temperature magma prior to eruption. (c) A large volume of the pre-climactic reservoir erupts causing column collapse. Ignimbrite outflow contains quartz with MIs of population 1 and 2 compositions and bright CL rims. (d) Following caldera collapse (<3Á49 Ma) new magma is supplied from the unseen volume below (the APMB) and takes the place of the erupted magma. Remnant, degassed magma from the climactic eruption intrudes to shallow depths and promotes structural resurgence. An eruptible pod of population 2 melt continues to evolve at shallow depths (<4 km), crystallizing quartz that trap MIs of population 2b (black) compositions with low CO 2 and Cl concentrations. This degassed melt is extracted from the remnant climactic magma and erupts effusively, possibly under the impetus of recharge, as post-climactic dome lavas. population 2 melts were trapped subsequently. Alternatively, each population may reflect the melt chemistry in heterogeneous pockets of more or less crystalline magma. An additional interpretation is that the two-melt populations were spatially distinct, most likely in a lateral configuration (similar to the magma dynamic models proposed by Cashman & Giordano (2014) and Reid & Vazquez (2017) . In this case, similar compositions reflect crystallization from a similar parent that was stored at a similar depth. While we cannot distinguish between these possible magma reservoir configurations, we return to the broader crustal context of the G2C system as being fed by one of many shallow crustal reservoirs atop the APMB and the long-lived, thermally buffered nature of these systems. In such a context we prefer the simpler explanation, in which all explosively erupted quartz crystallized from a physically connected pre-climactic silicic magma 'reservoir'. Variable melt compositions likely reflect variable degrees of crystal fractionation occurring within this reservoir or differences in in situ crystallizing assemblages that produce local variations in melt compositions (Fig. 11a) .
Despite the similarities, there are multiple observations that distinguish the quartz-hosted melt inclusions from the fallout and ignimbrite pumice: (1) whereas most melt inclusions from the fallout and ignimbrite pumice record the same range in CO 2 (<350 ppm), three melt inclusions in the ignimbrite pumice record higher CO 2 contents (<630 ppm); (2) melt inclusions trapped within quartz from the fallout pumice are more evolved than their host matrix glass, which is in contrast to the quartz-hosted melt inclusions from the ignimbrite pumice, which overlap the ignimbrite matrix glass compositions. If all quartz in the fallout and ignimbrite pumice crystallized from the same pre-climactic monotonous silicic magma reservoir, processes other than crystal fractionation, including andesitic recharge, are required to explain these chemical heterogeneities.
Collectively, the melt inclusion data provide insights into the melt evolution of the G2C system (Fig. 11) . All quartz crystallized within the pre-climactic monotonous silicic magma reservoir at 5-8 km depth (Fig. 11a) , trapping melts with variable compositions (populations 1 and 2). Prior to eruption, andesitic recharge magma intruded the large-volume upper crustal reservoir and fractionated to form the melt represented by the fallout pumice matrix glass (Fig. 11b) . During the interval between the formation of this melt and its eruption as a fallout pumice deposit, quartz was scavenged from the pre-climactic monotonous silicic magma reservoir and inmixed into this less evolved melt (Fig. 11b) . These quartz crystals were erupted within the short-lived plinian eruption and deposited within the fallout pumice. Other quartz crystals that had crystallized in the preclimactic monotonous silicic magma reservoir were subsequently erupted during the climactic calderaforming eruption and deposited within the large volume ignimbrite (Fig. 11c) .
Some melt inclusions hosted in the ignimbrite pumice have low CO 2 similar to those trapped in the fallout pumice, but some melt inclusions have higher CO 2 , suggesting that the ignimbrite phase of the eruption discharged magma from different depths within the reservoir (Fig. 11c) . The interpretation that the large-volume, ignimbrite-producing magma sampled deeper and more heterogeneous magma than that which was sampled during the plinian eruption is consistent with the range in whole-rock major and trace element, matrix glasses and radiogenic isotopic compositions recorded by the ignimbrite pumice (Grocke et al., 2017) .
The post-climactic melt
The geochemistry of the melt inclusions from the postclimactic dome lava supports the whole rock and matrix glass data that suggest that the Chajnantor Dome lava is the most differentiated magma in the suite of Tara eruptive products (Grocke et al., 2017) . Elevated incompatible trace element concentrations in all dome melt inclusions (Fig. 6) , suggest that the melt tapped by the Chajnantor Dome records continued fractionation of the large volume, dominantly dacitic pre-climactic magma reservoir, most likely representing an eruptible pod of magma that continued to evolve within the remnant climactic reservoir following caldera collapse (Grocke et al., 2017) .
Melt inclusions within the Chajnantor Dome lava share the trace element characteristics of Population 2, but they have consistently shallow REE patterns ((La/ Yb) N ¼ 2-3) that exhibit strong negative Eu anomalies (Eu/Eu* ¼ 0Á06; Figs 6c and 7), and they also have low CO 2 and Cl contents (Fig. 9) . Mirroring whole rock evidence, the dome inclusions reveal a magma that was more evolved and volatile poor relative to the magma that erupted during the climactic phase. These differences distinguish the dome inclusions as a separate group, Population 2b, and suggest two possible interpretations.
One possibility is that Population 2b melt inclusions were trapped in quartz prior to the climactic eruption but were not sampled during the climactic eruption, due to simple sampling bias. This would require this 'hidden' magma, that erupted later, to have been shallower and more evolved than the climactic phase magma that preceded it. While this presents a challenge to our conceptions of a magma body that was evacuated from the top down, the fact that Population 2b Chajnantor Dome lava melt inclusions overlap those in Population 2 with respect to major and trace elements ( Fig. 6a and b) , supports a model wherein all melt inclusions were trapped together in the pre-climactic magma chamber.
An alternative possibility is that Population 2b melt inclusions were trapped after the climactic eruption, in a remnant magma emplaced more shallowly following evacuation of the large volume magma reservoir. After a climactic eruption, hydraulic, lithostatic, and isostatic disequilibrium created by the catastrophic caldera collapse is recovered by the buoyant rise of magma that uplifts the caldera floor and intra-caldera ignimbrite into a resurgent dome (see Kennedy et al., 2012; de Silva et al., 2015b for discussion) as seen at the G2C. This is often remnant magma from the climactic eruption that erupts effusively as post-climactic lava flows and domes of very similar composition to the climactic magma (e.g. Shinohara, 2008; de Silva et al., 2015b; Hildreth et al., 2017; Kaiser et al., 2017) . In the G2C scenario, after the remnant climactic magma rose to shallower levels, a pod of melt with Population 2 composition was established at <100 MPa and evolved to Population 2b compositions (Fig. 6c) prior to being trapped in quartz.
We prefer the latter scenario because it does not require the fortuitous non-sampling of a 'hidden' magma (as would be required in the first scenario) and it integrates the evidence for resurgent uplift of the G2C. In the first scenario above, there is no petrological record of resurgence, whereas in the latter, the low CO 2 and Cl and more evolved composition of the Population 2b Chajnantor Dome melt are a petrological imprint of the shallow emplacement of remnant post-climactic magma that caused resurgence (Fig. 11d) . This interpretation cannot explain why we do not sample quartz with the more volatile-rich Population 2 inclusions in the post-climatic domes. We would expect to find remnant quartz crystals that retained a record of the dominant magma reservoir prior to degassing and shallow emplacement (Fig. 11d ). This could also be a sampling bias as only four inclusions from one of the three postclimactic domes passed our filters for analysis.
Following on from this interpretation, we are left questioning how the Chajnantor Dome lava erupted, seeing as it represents highly differentiated, crystal-rich (!35 vol.% phenocrysts), volatile-poor magma emplaced in the shallow crust. As has been shown for other APVC crystal-rich effusive eruptions, such as the Quaternary Chao dacite group of lavas (Tierney et al., 2016) recharge by more mafic magma was critical in initiating the effusive eruption of degassed remnant magma that was close to its rheological limit (e.g. de Silva et al., 1994; Watts et al., 1999) . Grocke et al. (2017) suggested that variable recharge and mixing likely continued between the climactic eruption and the eruption of the postclimactic domes. This interpretation was based on the more albitic compositions of post-climactic sanidine rims and the large range of pre-eruptive temperatures recorded by Fe-Ti oxides in the Rio Guacha dome magmas that are consistent with an increase in temperature either locally or throughout the remnant magma and support an intrusion event (see also Watts et al., 1999) . In addition, the intrusion of more mafic magma and progressive crystallization would both increase the temperature of the remnant magma, perhaps sufficient enough to lower the bulk viscosity of the remnant magma and aid in eruption.
Melt inclusion constraints on eruption dynamics at the Guacha II Caldera
The Tara fallout and ignimbrite pumice, and postclimactic dome lavas are the product of different eruption styles during development of the G2C. The evolution from a convecting to collapsing eruption column and finally effusive eruption results from a complex interplay between changing pre-eruptive volatile content, vent character (size and shape), magma properties (density, viscosity, porosity, and permeability; e.g. Wilson, 1980; Gonnermann & Manga, 2012) , and overpressure. Dissolved volatiles influence the physical and chemical characteristics of the magma that control magma porosity, permeability, exit velocity, and eruption rates. In turn, the magma system and factors such as the depth of crystallization and the magma ascent rate also influence the concentration of dissolved volatiles. Melt inclusion data from the Tara eruptive products allow us to examine the influence of pre-eruptive volatiles on eruption dynamics at supervolcanic systems.
The fallout to ignimbrite transition
The classic fallout to ignimbrite transition represents the change from a convecting to collapsing column caused by an increase in the mass flux and density of the dominantly two-phase (gas-particle) mixture in the eruption column that retards buoyancy of the eruption column and promotes collapse rather than uprise (Sparks & Wilson, 1976; Wilson, 1980; Carazzo et al., 2015) . One proposed mechanism that may aid in this transition is a decrease in the pre-eruptive volatile content and the attendant decrease in magma exit velocity Carey & Sigurdsson, 1989) . The G2C stratigraphy, like that at other systems (e.g. the Bandelier Tuff, Crater Lake), records this transition in eruption behavior via the presence of a sharp boundary between fallout and ignimbrite and an absence of any sediment or paleosol between units (Fig. 2) , allowing us to test whether decreasing volatile content controlled the plinian to ignimbrite transition at the G2C.
If the concentration of dissolved volatiles is the primary factor that drives this transition, we would expect that melt inclusions from the fallout and ignimbrite pumice would have different H 2 O contents. However, melt inclusions from the fallout and ignimbrite pumice record overlapping maximum H 2 O concentrations ($4-5 wt % H 2 O; Fig. 8 ). This suggests that variations in pre-eruptive H 2 O concentrations was not the factor controlling the eruptive transition from a plinian eruption (convecting column) to an ignimbrite-producing eruption (collapsing column) at the G2C. This overlap between H 2 O contents recorded in melt inclusions from fallout and ignimbrite deposits supports data from other large volume caldera-forming silicic systems (e.g. the Bishop Tuff) that have also suggested that the mode of emplacement is unrelated to pre-eruptive volatile contents (Dunbar & Hervig, 1992a , 1992b Dunbar & Kyle, 1993; Wallace et al., 1999) .
As pre-eruptive volatile content seems to play a limited role in controlling the explosive eruptive transition, we looked for other factors that may have influenced the mode of emplacement at the G2C. In the case of the Tara eruption, the relatively small volume of the fallout pumice (<10 km 3 ), compared to the volume of ignimbrite (<800 km 3 ), suggests that the transition from convecting to collapsing column happened soon after the eruption started. This interpretation is supported by the observation that most of the erupted volume of the Tara is found as intra-caldera deposits compared to a much smaller volume of outflow (Salisbury et al., 2011; Iriarte, 2012) . It is possible that pyroclastic flow and fallout pumice may even have been concurrent in other areas where a fallout deposit is not observed (e.g. Wilson & Hildreth, 2003) . In any case, the eruptive conditions at the G2C appear to have favored ignimbrite deposition very soon after the eruption started, indicating that a change in vent character from central vent to a ring fracture developed early and initiated caldera collapse. In addition, the fallout pumice is aphyric to crystal-poor ( 10 vol.%; Supplementary Data Table C.1) whereas the juvenile components of the ignimbrite units are crystalrich pumices (!30 vol.%; Table C.1). The contrast suggests that increases in the abundance of dense juvenile clasts within the eruptive column may have aided the early onset of the explosive phase transition at the G2C, as has been noted at other systems (see Shea et al., 2011) .
Influence of pre-eruptive volatile contents on the explosive to effusive transition Bubble-free and glassy melt inclusions from the Chajnantor Dome lava confirm that the post-climactic magma was too degassed (<0Á07 wt % Cl; <10 ppm CO 2 ) relative to the ignimbrite and fallout pumice, to drive explosive behavior. The low Cl and CO 2 contents in the dome inclusions reflect the end of a continuum of Cl and CO 2 values for all melt inclusions erupted in the Tara deposits; the dome melt inclusions were trapped at the shallow depth of resurgent intrusion, following the climactic eruption (Fig. 11d) .
These results suggest two possible interpretations for the timing of post-climactic degassing at the G2C. Degassing is often envisaged as the result of permeable gas transport during slow ascent that results in lower explosivity eruptions (Jaupart & Allè gre, 1991; Eichelberger, 1995; Roggensack et al. 1997; Koleszar et al. 2012; Wright et al. 2012) . Applying this model to the post-climactic evolution of the G2C suggests that following the climactic eruption, as remnant magma buoyantly rises in response to caldera collapse and causes structural resurgence, degassing occurs as a result of slow magma ascent through the crust. In this scenario, the primary volatile content of the climactic and post-climactic magma is the same and degassing of the volatile-rich remnant magma occurs at some time after the caldera-forming eruption and prior to quartz crystallization in the shallow crust. An alternative interpretation is that the climactic eruption produced remnant degassed magma. This scenario is consistent with models wherein 'degassed' un-erupted magma is often left behind after explosive eruptions (e.g. Shinohara, 2008; Chesner & Luhr, 2010; de Silva et al., 2015b) . While we prefer the latter scenario as it provides an intuitive link between the climactic CCF eruption and post-climactic magma evolution, and also provides an explanation of why the climactic eruption may have stopped, we cannot rule out the possibility that slow magma ascent aides in additional volatile loss due to degassing. The broad correlation of volatile contents with eruptive vigor suggests that pre-eruptive volatile contents in the G2C magma reservoir influenced the eruptive phase transition from explosive to effusive activity, but did not influence the transition from convecting to collapsing column during the climactic eruption.
Comparison with other monotonous silicic systems from the literature
There is a relative paucity of melt inclusion data from crystal-rich CCF monotonous silicic magma systems. Nevertheless, we attempt a comparative analysis here as some general shared characteristics and interesting differences emerge. Melt inclusion data from Central Andean systems similar to the G2C are available from the $1 Ma Cerro Purico Complex ( Fig. 1 ; Schmitt, 2001) and the $2 Ma Cerro Galan ignimbrite ( Fig. 1 ; Wright et al., 2011) . Melt inclusion data from the dacite lavas of Uturuncu volcano, a composite edifice with a shared petrogenetic lineage to the G2C and other APVC systems, also exist ( Fig. 1 ; Muir et al., 2014a Muir et al., , 2014b .
Like the Tara magmatic system, melt inclusions from the Purico and Cerro Galan systems trapped variable H 2 O and CO 2 concentrations (between 1Á9 and 4Á9 wt % H 2 O, and <366 ppm CO 2 , and between 2Á4 and 6Á6 wt % H 2 O and <296 ppm CO 2 , respectively; Fig. 12 ). We find that all Central Andean systems yield similar maximum H 2 O ($5 wt %) and CO 2 (<630 ppm) contents. These data suggest that the magma reservoirs that feed explosive supereruptions in the Central Andes reside and crystallize quartz in the upper crust at similar conditions (<200 MPa; <8 km depth; $5 wt % H 2 O) with variable yet detectable CO 2 concentrations that may reflect slight variations in the depth at which melt inclusions were trapped, or in the role that recharge played prior to eruption.
Uturuncu volcano can be compared with the Chajnantor dome. Here melt inclusions contain variable H 2 O contents (between 2Á6 and 4Á0 wt % H 2 O), which may be the result of post-entrapment diffusive loss of H, and variable CO 2 contents (0 -500 ppm, with the majority recording <200 ppm; Fig. 12 ). Despite the variable volatile contents, these melt inclusions record consistently shallow crystallization and entrapment pressures (<100 MPa at 800 C; Fig. 12 ). Both Uturuncu and the Chajnantor Dome lavas record shallower magma conditions compared to those recorded by Central Andean explosively erupted pumice, possibly suggesting that degassed dacitic magma resides at shallower levels than more volatile charged magmas in the Central Andes.
Outside the APVC, there is little systematic data available, with the notable exception being the work of Chesner & Luhr (2010) on the Toba magmatic system. The comparison is useful, because the youngest CCF eruption at Toba, the 0.074 Ma Youngest Toba Tuff, has characteristics consistent with CCF monotonous silicic magma systems (Grocke et al., 2017) . Toba is also a rare case for which data from climactic and postclimactic deposits are available. Melt inclusions hosted in the Youngest Toba Tuff (YTT; 2800 km 3 DRE of crystal-rich dacite-rhyolite) contain between 4 and 5Á5 wt % H 2 O and are therefore similar to those from Central Andean ignimbrite-forming magmas; however, melt inclusions from Toba record low CO 2 (<75 ppm), which is significantly less than the <630 ppm CO 2 recorded in melt inclusions from Central Andean ignimbrite-forming magmas. Unlike Uturuncu and the Chajnantor Dome, melt inclusions from the Post YTT Lava Domes (PYLD) contain significant amounts of preeruptive H 2 O and CO 2 (between 4Á1 to 4Á9 wt % H 2 O, <85 ppm CO 2 ; Chesner & Luhr, 2010) . Chesner & Luhr (2010) determined vapor saturation pressures from the most evolved melt inclusions from the YTT and PYLD of <140 MPa at a temperature of 725 C. Thus, vapor saturation pressures of the YTT are broadly similar to those derived here for the G2C fallout and ignimbrite pumice (<200 MPa), indicating crystallization conditions for these monotonous silicic systems were broadly the same. In contrast, unlike the G2C, vapor saturation pressures leading up to the pre-and post-climactic Toba deposits are indistinguishable. This is an important distinction because, as with the G2C, the post-climactic PYLD have been interpreted as remnant magma leftover from the YTT eruption (Chesner & Luhr, 2010; Chesner, 2012) and rise of the PYLD magma is implicated as the drive for the significant post-YTT structural uplift of Samosir Island (Chesner, 2012; de Silva et al., 2015a) . The comparison with Toba reveals that not all post-climatic deposits will preserve a volatile record of remnant magma movement in the shallow crust.
SUMMARY & CONCLUSIONS
The 3Á49 6 0Á01 Ma supereruption that created the G2C produced the Tara deposits that consist of basal andesite lava, a relatively small (<10 km 3 ) fallout pumice deposit, a >800 km 3 DRE ignimbrite, and three postclimactic dome lavas that together represent the surface expression of a complex, dynamic and evolving CCF monotonous silicic magma system. Volatile contents and major and trace element compositions of melt inclusions from each stage of the eruption, together with matrix glass and whole-rock data, have been used to reconstruct the melt and volatile evolution from the pre-to post-climactic stages of the G2C magmatic system. The pre-eruptive Tara system can be explained in two phases: Phase 1. In the climactic eruptive phase, a relatively small volume of magma erupted as a fallout pumice from a convective column. This was rapidly followed by column collapse, caldera formation, and the evacuation of a large volume monotonous silicic magma reservoir, deposited as ignimbrite. The two populations of melt inclusions that we have defined using trace elements are common to both the fallout and ignimbrite, indicating that all quartz crystallized from the main pre-climactic magma reservoir. Overlapping CO 2 and maximum H 2 O concentrations in melt inclusions from these quartz crystals indicate that they crystallized at similar pressures (<200 MPa) that relate to depths between 5 and 8 km.
Melt inclusions from the fallout pumice are more evolved than their host pumice glass, which supports the model proposed in Grocke et al. (2017) whereby the pre-climactic magma reservoir experienced at least one episode of andesite recharge prior to eruption. Some of this andesite magma fractionated within the preclimactic reservoir and produced a relatively small volume, residual rhyolitic melt. During the interval between the formation of this melt and its eruption, quartz was scavenged from the pre-climactic monotonous silicic magma reservoir and inmixed into this less evolved melt prior to being erupted as a fallout pumice in a short-lived plinian eruption. The remaining quartz in the pre-climactic magma reservoir were erupted in the subsequent main phase of the Tara supereruption, which was associated with caldera collapse and generation of pyroclastic flows that emplaced the >800 km 3 DRE Tara ignimbrite.
The transition within the climactic eruptive phase, from a plinian eruptive column to the formation of pyroclastic flows, was not controlled by the volatile distribution in the pre-eruptive magma. Rather, we propose that changes in other factors such as the transition from a single vent or isolated vents to ring fracture opening during eruption caused the evolution in eruptive style.
Phase 2. In the dome-building phase, degassed remnant magma rose to re-establish hydraulic, lithostatic, and isostatic equilibrium, motivating resurgent uplift and feeding effusive post-climactic eruptions from eruptive, more melt-rich pods within this remnant magma. Low CO 2 and Cl contents and highly evolved REE concentrations in the Chajnantor dome quartzhosted melt inclusions suggest that the melt-rich pod fractionated further and crystallized quartz at depths of <4 km (<100 MPa). We propose that the effusive eruption of the post-climactic Chajnantor Dome lava represents the extrusion of shallow, degassed magma left after the climactic eruption. We suggest that the transition from explosive to effusive eruption activity at CCF monotonous silicic magma systems could be linked to changes in volatile content.
Volatile evolution and behavior in the G2C system have many parallels with other CCF monotonous silicic magma systems in the Central Andes and elsewhere. The Toba caldera is the only other comparable and well-characterized system outside the Central Andes, and we find that crystallization conditions for both monotonous silicic systems were broadly the same; however the pre-to post-climactic histories appear to be recorded differently in the two systems.
